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AHSTKACT 


Mlcrostnictiiriil and I'liH'trlcal evaluation tests were perlormed on 
nickel-doped p-tvpe silicon wafers belorc and after solar cell fabrica- 
tion. I'he concentrat ion levels of nickel in silicon were ^ x 10^^, 

4 X and 8 x lOl'^ atonis/cm^. It was found tliat nickel precipitated 

out during tlie growth process in all tliree ingots. Clumps of precipit- 
ates, some of wlilch exhibited slai sliape, were present at different 
deptlis. if tlie clumps are distributed at depths -20 pnt apart and if 
thev are larger than 10 imi in dianu'ter, degradation occurs in solar cell 
eK'ctrical properties and ci'll conversion tMficiencv. I'lie larger the 
size of the precipitate clump, tlie greater tlie degradation in solar cell 
efficiency. A large grain bouiuiarv around the cell i-ffectivi- area actid 
as a getli'ring center lor the precipitates and iminirities and caused 


improvement in solar cell efticiencv. 
results aii* given. 


Oetails of the evaluation test 
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SECTION I 


INTRODUCTION 


During tin.* course of recent studies (Reference 1), it was found 
that deliberately nickel-doped N^/1’ silicon solar cells fabricated from 
(’zocliralski-grown single and multicrystal wafers with nickel concentra- 
tion levels of S X IQl^ and 8 x 10l5 atoms/cm^, respectively, exhibited 
conversion efficiencies of 96.3 percent and 93.7 percent of that of tlie 
baseline cells. However, deliberately nickel-doped single-crystal solar^^ 
cells from anotlier ingot but with a nickel concentration level of 4 x 10 
atoms/cm^, stiowed a conversion efficiency of 83.2 percent of that of the 
baseline cells. Nickel concentration levels were deteiniined by neutron 
activation analysis. 


To investigate this discrepancy in results, the nickel-doped 
silicon wafers and solar cells, cut and fabricated from tlie tliree dif- 
ferent ingots, were characterized microscopically and electrically. .Some 
of the experiments ]ierformed and tlieir results are discussed in tliis paper. 


it was found tliat nickel precipitated out during the growth process 
in all tliree ingots. in the multicrystal ingot with nickel concentra- 
tion of 8 X 10^’ atoms/cm^, the nickel precipitated along the grain 
bound.ir ii-s. The single crystal ingot with nickel concentration of 
4 X 1()15 atoms/cm^ exhibited the highest dislocation and jirecipitate 
density of the three ingots. 1’lK‘se results give evidence of the rela- 
tionship of structural delT-cts together with concentrat ions of impurities 
to solar cell per f.irmance . 


Till- m i eros l r uc I ural tests performed in this work together with the 
dark and i 1 luminat <.d ! -\’ me.isurement s and charge collection mlcrosco|n’ 
measuremiMits m.ike it possible to di'f ine the mechanism bv which nicki‘1 
impurities and tin* other induced ervsta i lographic defects such ;is grain 
boundaries, dislocat ions, and precipitates improve or degrade solar cell 
per fo rmance. 


A. -IHI' KOl.i: Of NK'Kfl IMITIUTIfS IN S 1 U CON 

Since silicon h.is a verv open dianuind lattice structure, atomic 

diffusion is cons ider.ibl v easier than in a c losi'-packed l.ittici' structure. 

If llu're is a distribution of .a jiarticular impurity bi'tween interstiti.il 

.nul substitutional sites, the effect iw dil fusion coefficient is giv'-n 

by .1 weighted comb i n.i t i on ol tlie two individual diffusion coefficients 

D . .nul D ( l\i' f n nee 2 ) : 

1 s 


D . = 1). f + D (1 

ell 1 s 


n 


wliere f is .i I ract ion in intersiitial sites. 


1 1 lias boen found that nickel diffuses predominantly by an 
interstitial-substitutional mechanism into the silicon lattice 
(References .1, 4). It lias also been reported that substitutional nickel 
acts as an acceptor in silicon whereas Interstitial nickel is electrically 
inactive, and that most of the dissolved nickel in silicon occupies the 
interstitial sites (Reference 5). In the present work, by means of 
electron spin resonance (ESR) measurements, it was found that nickel 
diffused interst it ialiy in silicon (Reference b). 

In silicon, nickel has a high solubility which is retrograde in 
character and peaks at - S x 10l7 atoms/cm^ at 2160“C (Reference 7). This 
causes supersaturation and the formation of precipitates along disloca- 
tions and grain boundaries upon cooling after tlie crystal growtli process. 

The quality of the p-n junction of the solar cell is intimately 
related to the structural perfection of the junction depletion region. 
Crystal growth and device processing steps both introduce into the silicon 
structural imperfections sucti as precipitates and dislocations. Tliese 
structural import ect ions provide traps capable of storing and immobilizing 
tlie charge carriers. The presence of large grain sizes may enhance cell 
efficiency, as was found in tlie case ol copper impurities in pol ycryscal 1 ine 
solar cells (Reference 8). Accordingly, degradation or improvement of elec- 
trical behavior of solar cells miglit occur. Basically, structural defects 
may affect the electrical behavior of a solar cell in tlie following ways: 

(1) Hi'creasi' reverse voltage 

(2) Increase ri-versi- curriMit 

(1) Decrease ininoritv carrier lifetime 

(4) Di’crease powir output and fill factor, and degrade solar 

Cl- 11 efficiency. 

Till- type of adverse ilectrical lu-havior is deti-rni im-d bv tlu- tvpi-, the 
size, ;ind the d i st r i but ion of defects. 


B. DKSt’RimoN or sii.icoN Is’ait;rs and t:i;i,i.s i'N’di-k iNvrsfioATiitN 

Silicon wati-rs 0.02'i cm thick aiui 3.12 cm in diameti-r wen- cut into 
1 V 2 cm- shapes I rom ingots prepared bv the Czociiralski ti-chnique with 
111 growth axis (Kefen-nce 1). Nickel impurities wi-re adik-d to tlu- 
ingots during the melting jirocess at 1412*’t'. I'lie molti-n silicon was 
boron-doped to a concent r.it ion of -1()1*' atoms/cm^. The cut wafers wi-r-- 
eheniicallv polislu-d before the m i croscoji i c evaluation. 

) 

Solar Ci'lls of ari.i 1 x 1 cm“ were fabricati-d from tin- cor respond i ng 
n i cki' 1 -di'i eil silicon waters. I'lie diflusion proci-ss was pi-r I orini'd .it 
H23°(' lor ID minuti-s, using I’Ot'l ^ as tlu- phosphorus souri e; the wafers 
wi-re cooled iiiimed i at e 1 v to ambient temperature. flu- junction de|Hh vc.is 
'0.4 pm. Ihin lilms of fi/l’d/Ag iiieta 1 1 ' zat ion wi-re ev.iporated on the 
diffusi-d silicon wafers (, Ki- 1 e reiice 1). 


SKCTION II 


l•:xlT,Kl^n;NTs and resi'its 


A sfL of nondosL riicL i VO ox(K‘riments was |)erforiru'd on tin.- as-y>rown 
nickol -doped silicon wafers before and after pliosphorns diffusion. 

Another set of expi'rir.ients was performed on tlie solar cells to determine 
the perfection of tlie junction. The results of the two sets of experi- 
ments before and after processing; were compared to relate the micro- 
structural defects to the electrical properties of tlie solar cells. 

A. MICROSTRl'tTTKAl. EX.\I.l'ATION OK AS-CROWN SlI.iCON WATER? 

1. Iransmission X-Ray Toiio>;rapliy 

Silicon wafers of 111 ■ crystal or ii'iuat ion were examined usin>; the 
nondest riu’ t ive Lan^ transmission x-rav method. The (220) to]H'graphs of 
nickel-doped silicon wafers witli nickel I'oncent rat ion levels of 5 x lO*"^, 
) X 10*^, and 8 x 10^^, atoms/cm^ .in- shown in Eigures 1, 2, and 1, 
respii't ively. The hright spots in the three figures are prec i ]ii I a t es 
prc'sent in ihe wafers. The average dislocatiiui density and precipitate 
density sliowai in Eigure 1 are ' AOl) d/cm- and AOO P/cm-, resiu’c t i ve 1 y , 
whicli are the lowest average densities among tlie t lirei' .^samp 1 es . Eigure 2 
slu'ws an average dislocatii'ii density of I.'' x 10^ d/cm*" and a jirec ip i t.i* 
density of 1 . ^ x 10-* P/cm". In figure } only one cryst..l of the rmilti- 
ervstal w-afer is shown with precipitatis aligned aU>ng, i he boundary. llu' 
averagL’ dislocation and precipitate densities in this wafir an. lOO d/inr 
and 800 P/cm-, ri'spect ivel y . 

2. Inirareil Microscopy 

K i g.u ris A , “i and (i slu'W t ransmiss iiui infrared plu't omi croe.raphs fi>r 
the ahovi-ru'iU ioned n i eke 1 -dopeil sampK' w.ifers. Tig.ure -t slu'ws a samiile 
with a nickel concent rat ion of A x lo' * ;itoms/cm^. As .sei-n in the I igaire 
i'liim|is ol precipitate.';, somi- exhibiting, star shape, ari' presint at dif- 
fenuit depths varying 1 rom .’() ur:, lOl) pm, 200 pm, and oicasionall ' on the 
hack surlaie of the wafer. Ih.e awrage clump si/e is a|iout 12 ,.m . ^E i gu re 
rijii'i sent i ng, wafers with nicki’l conci'iu rat ioii of A x 10 atoms/iTi , 
shows linear arrays ol t lu‘ pi'c c i p i l c. 1 1 - clumps. Somi ol these clumi's have 
star shapes of an aver.ig.e size ol ■ 17 pm. I lu'se sampK s showt li a hiitlu'r 
pi'ecipitati' density. Tlu' preciiiitate i lumps wio'e closilv spai eil at dif- 
ferent ih'pths varvinj; hetweiT. 20, SO, Ml), 180, and 200 „m below t lu- sur- 
i.u e. Eigure A ri'io'esiMil ing the mu 1 1 i c rys t a 1 wafer with nicki 1 lonci'iit ra 
lion of 8 X lo' ’ atoms/cm^, shows how the precipitatis .iri' ali>',iied along 
the grain houndarv. The pricipiiate avi'rage size is S pm. 




irt 1, A-K,iy 'Ii'pi'-rapii of N' il ke 1 -doptd Silicon Wafer 

(■< Curt, nt rat iiMi 5 ini'* atons/cn^> 
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Fij'ure 5. Infrared Transmission Photomicrograph Showing Star-shaped Clumps of 
Precipitates in Nickel-doped Wafer (Concentration 4 x 10 atoms/cm 
Numbers indicate depth of clump in ,jm from wafer surface 









MICROS rRUCTl’R^M. KVALUATIOK 01' WAFERS AND SOLAR CELLS AFTER PROCESS INC 


B. 

1. Scanning Electron Microscopy (SEM)/Electron Beam 

Induced Current (EBIC) 

Tills teclinique was employed on solar cells incorporating tlie nickel 
impurities of interest in order to examine the electrically active 
microstructural defects in the p-n junction depletion region. The 
scanning electron microscope was operated at '10 keV, where the electron 
beam penetration depth is '•0.5 um, giving an image of the p-n junction 
depletion region. Figure 7 shows an electrically active clump of pre- 
cipitate wiiich has a star shape. This defect was typically found in the 
solar cell with nickel concentration of 5 x 10^^ atoms/cm^. As will be 
shown later, the presence of these defects caused recombination effects 
in the junction region. No other electrically active defects were 
detected in tlie other nickel-doped solar cells. Figure 8 shows an over- 
view of the solar cell area witli nickel concentration of 8 x 10l5 atoms/ 
cm3, where the grain boundary (g.b.) of the multicrystal wafer is seen 
cutting the cell at one corner. This photoniicrograph was taken using 
the SEM in the secondary emission mode. As expected, t!\e nickel precipi- 
tates and impurities were segregated along the boundaries, whicli in the 
present case acted as guttering centers for these impurities. Thus, the 
ip’purities were gettered away from the cell effective area, except near 
tlie ci'Il corner wliere an -J.l mm edge of the grain boundary cut tlirougli 
the ci'll. This result explains wliy these cells had good electrical 
ciiaracter ist ics wlien compared with tlie otlier cells in spite of the fact 
tliat tliev had the higliest concent rat ion of nickel. 


7. X-Rav Topogra|iiiv 

Alter pliosiihorus diffusion, l.ang transmission x-rav topographs 
Wife taken of the samples under iiu’i'st i g,at i ini . All the topojm'aphs showed 
tin. a|ipearance of new pri'c i|iilali’s and dissiilution of some old ones. 


i . Opt i ca 1 M i c roscopv 


rii'iiri' shows a part ot a S i r t 1 -et cheil n i cki' 1 -dopi'd silicon solar 
Cell, with nickel conci'iU rat ion ol o x 10*-* atoms/cm^. TIu' cell was 
etched tor about IJ secinuls (at a depth of -0.2 um) in tin- n'*’ region of 
the junction. ,\.s depicteii in the photoni i crograph , sonw precipitate 
clumps appear in linear format ions. This indicati’S that souk' c>f t lu' 
nickil was gettered to tlu’ n'*' region ol the junction during the phosphorus/ 
ilitiusii'ii process. llowi'ver, the' largi' clumps of pri'c i p i t at es vciu'e not 
.•.ottered as shown in Figure 7 of tlu' sohir cill with nicki-l emu'ent rat ii'n 
ot s X 1 0 1 ' at ons/(”n ' . 
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c. 


ELECTRICAL EVALUATION OF NICKEL-DOPED SILICON SOLAR CELLS 


Dark forward and reverse biased I-V measurements were performed on 
nickel-doped silicon solar cells with three different nickel concentration 
levels. The illuminated I-V measurements (Reference 1) are given in 
Table 1. These results were correlated with the electrically active micro- 
structural defects observed in the SEN experiment. Figure 10 shows the 
dark forward 1-V characteristics for solar cells with different nickel 
concentrations. The solar cells with nickel concentrations of 5 x 10^^ 
and A x 10^^ atoms/cm^ showed current leakages. They also exhibited 
considerable deviation of junction perfection factors Aj and A 2 from the 
ideal values of 1.0 and 2.0, respectively. Deviation in the A 2 value 
(A 2 = 2.6) is due to recombination of electrical charges at the precipi- 
tate clumps, as verified by the SEM/EBIC results shown in Figure 7. The 
current leakages are due to the presence of closely spaced arrays of 
precipitate clumps in the bulk of the cells. However, the multicrystal 
cell with nickel concentration of 8 x lO^^ atoms/cm^ had near ideal Aj 
and A 2 factors as seen in Figure 10. 


Table 1. Illuminated I-V Measurements for 
Nickel-Doped Silicon Solar Cells* 


Cell 

ID 

No. 

I SC 
nv\ 

r 

< 

<c 



— 

^mnx 

W 

Eff i- 
c lency 
n 

r 

Kill 

Factor 

Ni Cone. 
Atoms/cm-* 

2 of 

Basel ine 
M 

Remarks 

•Ni-001 

22.11 

0. 540 

20.41 

9.59 

0.7 59 

5 X 10*^ 

96.1 

Single 

(average) 








crystal 

Base-002 

22.49 

0. 549 

20.80 

9. 96 

0.761 

— 

— 


Ni-002 

19.11 

0. 528 

17.67 




81.2 

Single 

(avera>;e) 








crystal 

Base- 00) 

22.12 

0. 552 

20.17 




— 


Ni-OOi 

21.95 

0. 548 

20.09 

9.65 

0.7 58 

8 X 10'5 

91.7 

Multi- 

(av.-rage) 








crystal 

Base-020 

22.61 

0. 555 

_J 

20. )9 

10.10 

0.776 

— 

— 



A 

Derived from values published in Reference 1, 
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SECTION III 


CONCLUSIONS 


The results of these studies indicate that the nickel-doped silicon 
solar cell junction property and electrical behavior are directly related 
to the size and distribution of mlcrostructural defects such as precipi- 
tates, dislocations, and grain boundaries in the cell depletion region 
and the bulk. Nickel occupies interstitial sites in silicon and precipi- 
tates out during the crystal growth process due to its high solubility 
and diffusivity in silicon. 

15 3 

Furthermore, nickel in concentrations i 4 x 10 atoms/cm caused 
slight recombination effects, due to the presence of precipitated clumps 
in the Junction depletion region. Current leakage effects are caused by 
the presence of precipitate clumps if the clumps are distributed at depths 
-20 urn apart and are larger than -10 ym in diameter. The smaller the 
size of the precipitate clump, the easier it can be gettered out to the 
n+ region of the junction during the phosphorus diffusion process. On 
the other hand, the larger the size of the precipitate clump, the greater 
the degradation in solar cell efficiency. 

Grain boundaries around the cell effective area appear to act as 
gettering centers for the nickel precipitates and impurities, thus caus- 
ing improvement in cell efficiencies when the nickel concentration is 
8 X 10l5 atoms/cm^. It is noteworthy that this result does not indicate 
that polycrystalline nickel-doped silicon solar cells are more efficient 
than single-crystal nickel-doped cells. The polycrystalline cell effi- 
ciency depends on the grain sizes and the location of grain boundaries in 
the cell. On the other hand, the higher the dislocation density, the 
greater the degradation of the cell electrical properties. Therefore, it 
appears that large grain sizes enhance the efficiency of nickel-doped 
silicon solar cells. 
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